The purpose of this study was to determine in vivo moment arm lengths (MAs) of three elbow flexors at rest and during low-and relatively high-intensity contractions, and to examine the contraction intensity dependence of MAs at different joint positions. At 50°, 80° and 110° of elbow flexion, MAs of the biceps brachii, brachialis and brachioradialis were measured in 10 young men using sagittal images of the right arm obtained by magnetic resonance imaging, at rest and during 20% and 60% of isometric maximal voluntary elbow flexion. In most conditions, MAs increased with isometric contractions, which is presumably due to the contraction-induced thickening of the muscles. This phenomenon was especially evident in the flexed elbow positions. The influence of the contraction intensities on the increases in MAs varied across the muscles. These results suggest that in vivo measurements of each elbow flexor MA during contractions are essential to properly examine the effects on the interrelationships between elbow flexion torque and individual muscle forces.
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The moment arm length (MA) of a muscle, the perpendicular distance between the joint center of rotation and the line of muscle action, has a direct influence on the joint torque generated by the muscle force. Recent evidences indicate that MA increases with isometric contractions (Maganaris et al., 1998 (Maganaris et al., , 1999 Tsaopoulos et al., 2007) and that the increased muscle thickness induced by contraction is a reason for the increase in the MA (Maganaris et al., 1998) . In elbow flexors, the thickness was found to be greater during isometric contractions than at rest (Akagi et al., 2008 (Akagi et al., , 2009 Hodges et al., 2003) , but its influence to the MAs have not been studied so far. Given that muscle contractions induce changes in muscle architecture and produce muscle force and/or human movement, in vivo determination of elbow flexor MAs should be done during contractions to accurately examine the effect on the interrelationship between joint torque and muscle force.
The contraction-induced increase in elbow flexor thickness is apparently associated with the corresponding elongation of the tendon and disappearance of muscle slackness with contractions (Akagi et al., 2008) . The amount of tendon elongation is positively related to the contraction intensity (Ito et al., 1998; Ohta et al., 2005) and the extent to which the muscle slackness disappears is expectedly influenced by the contraction intensity, suggesting that the elbow flexor MAs might be dependent on the contraction intensity. Moreover, since elbow flexor MAs at rest change depending on the elbow joint angle (Amis et al., 1979; Gonzalez et al., 1996; Koo et al., 2002) , the effect of the contraction intensity on MAs of elbow flexors might vary across different elbow joint angles. The purpose of this study was to investigate the contraction intensity dependence of elbow flexor MAs at multiple elbow joint angles.
Methods

Subjects
After having provided written informed consent, 10 young male subjects (age: 25 ± 2 y, body height: 171 ± 5 cm, body mass: 63 ± 6 kg; means ± SD) participated in the current study. The study protocol was approved by the Ethics Committee on Human Research of Waseda University.
Measurements of MAs of Elbow Flexors
The main elbow flexors, namely, the biceps brachii (BB), brachialis (BRA) and brachioradialis (BRD), have different origins and insertions. The center of rotation method, which identified the position of the joint center of rotation and the directions of the muscle-tendon action lines, was used for simultaneous in vivo measurements of MAs of three elbow flexors during contractions.
Each subject was instructed to lie in a supine position on a bed of a magnetic resonance imaging (MRI) system (Signa 1.5T, GE Medical Systems, USA) and the right arm was secured to a custom-made torque meter (VINE, Japan) using a nonelastic belt, with the elbow flexed at 50°, 80° and 110° (full extension = 0°) and the wrist fixed to the torque meter in a fully supinated position. The order of three elbow joint angles was set randomly for each subject. The torque meter was made of acetal copolymer, vinyl chloride, acrylic and polyamide, all of which were nonmagnetic. An optical fiber (Shinko Electric Wire, Japan) was attached onto the lever arm of the torque meter to record strains around the lever arm with a fiber Bragg grating sensor monitor (FB200, Yokogawa Electric, Japan), combined with an amplified spontaneous emission light source (ASE-1550-25, FiberLabs, Japan). There was a strong linear relationship between torque and change in wavelength of the optical fiber (R 2 = .99). The subjects performed maximal voluntary contraction (MVC) of isometric elbow flexion for 3 s to measure their torques. The torque data were recorded by a personal computer at the sampling frequency of 100 Hz. The measurements were repeated two or three times with at least a 2 min interval, and the highest value was adopted.
A series of sagittal images of the right arm parallel to the humerus and forearm were obtained using the MRI system with a 3 inch and a 5 inch round surface coils. Their coils were placed around the forearm and the upper arm, respectively. The MRI scans were performed with a conventional T1-weighted fast recovery fast spin echo technique (a repetition time: 1300 ms, an echo time: 20 ms, a slice thickness: 5 mm, an interspaced distance: 0 mm, a field of view of 300 × 210 mm with a 256 × 160 matrix). Within the device, each subject maintained the aforementioned posture and wore MRI-compatible goggles (MRVision 2000 with VisuaStim Digital's Controller, Resonance Technology, USA) that displayed the torque output to provide the subjects with a visual feedback of the contraction intensity. At each elbow joint angle, a series of sagittal images of the right arm were firstly scanned at rest. Next, the same scan was made while the subject sustained isometric voluntary contraction of elbow flexion for about 15 s. The contraction intensities were set at 20% and 60% of MVC (20%MVC and 60%MVC), because the scan time was too long for many subjects to sustain contraction at higher intensities and we failed to obtain analyzable magnetic resonance images. This was performed in order of increasing contraction intensity. At this time, there was little variation in each target intensity for each subject. In all conditions, the scan time was 13 s.
From all obtained images, a single image on which the BB, BRA and BRD were all clearly visible was selected to measure MAs of the muscles using an image analysis software (Osiris 4.19, University Hospital of Geneva, Switzerland). In accordance with previous reports (Chao & Morrey, 1978; Kawakami et al., 1994; van Zuylen et al., 1988; Zatsiorsky, 1998) , the rotation center of the elbow joint was assumed to be located at the geometric center of the trochlea of the humerus and the line of action of the muscle force coincided with the line through the midpoints of the muscle. The perpendicular distance between the rotation center and the line of action was defined as MA of the muscle ( Figure 1 and Figure 2 ). To examine the reliability of the measurement variables, the following points were confirmed: First, the selection of the single MR image and the measurements of each MA were repeated three times by an experienced tester. Second, for one subject, the same procedures were performed on another day to ensure the day-to-day reproducibility of the measurements.
Statistical Analyses
Descriptive data are presented as means ± SDs. Coefficient of variances (CVs) and intraclass correlation coefficients (ICCs) were calculated to investigate the repeatability of the three measured values of each MA. Similarly, the day-to-day reproducibility of the measurements was evaluated using the CVs and the ICCs. To test the effects of the joint angles and contraction intensities on MAs of each muscle, a two-way ANOVA (3 joint angles [50°, 80°, 110°] × 3 contraction intensities [rest, 20%MVC, 60%MVC]) with repeated measures was used. When the interaction between the two factors was significant, a one-way ANOVA with repeated measures followed by Bonferroni's test was conducted in each joint angle to test the differences among contraction intensities. Moreover, differences among joint angles in percent changes in each MA from rest to 20%MVC (%ΔMA 20 ) and to 60%MVC (%ΔMA 60 ) were calculated and their joint angle dependence was analyzed using the two-way ANOVA (3 joint angles [50°, 80°, 110°] × 2 percent changes in MAs [%ΔMA 20 , %ΔMA 60 ]) with repeated measures followed by Bonferroni's test in each muscle. Statistical significance was set at p < .05.
Results
The CVs of the three values of MAs obtained by the experienced tester were 2.9 ± 1.6% for BB, 3.3 ± 2.3% for BRA and 2.4 ± 1.4% for BRD, respectively, with ICCs of >0.983. The CVs of the day-to-day measured values of MAs were 3.0 ± 1.4% for BB, 4.3 ± 2.7% for BRA and 1.7 ± 1.4% for BRD, respectively, and the ICCs for them were >0.943.
There were significant interactions between the joint angles and the contraction intensities for MAs of all muscles. At each joint angle, the significantly higher MAs of BB during 20%MVC and 60%MVC than those at rest were shown (Figure 3 ). For BRA, MAs at 80° and 110° of elbow flexion were significantly higher during 20%MVC and 60%MVC than at rest, but the corresponding difference was not significant at 50° of elbow flexion (Figure 3 ). No significant difference was found in MAs of BB and BRA between 20%MVC trials and 60%MVC trials. The differences in MAs of BRD among the contraction intensities varied between 50° and the other angles (Figure 3 ). At 50° of elbow flexion, the MA of BRD during 60%MVC was significantly higher than those at rest and during 20%MVC. At 80° and 110° of elbow flexion, MAs of BRD were significantly higher during 60%MVC than at rest and during 20%MVC, and there were significant differences in the MAs between during 20%MVC and at rest.
The %ΔMA 20 and %ΔMA 60 are shown in Table 1 . For each muscle, there were no significant interactions between the joint angles and the percent changes in MAs, and the main effects of joint angles were significant. The percent changes in MAs of all muscles were significantly higher at 110° than at 50° of elbow flexion. The percent change in MAs at 80° was different from those at 50° for BRA and BRD whereas it was different from that at 110° for BB.
Discussion
This study determined MAs of elbow flexors at rest and during the low-and relatively high-intensity contractions at multiple elbow joint angles, aiming at examining the effects of the contraction intensity and the elbow joint angle on their MAs. The present results showed that the elbow flexor MAs generally increased by isometric contractions and that the extent to which the elbow flexor MAs increase varied across the three elbow flexors. Two methods have frequently been used to obtain MAs in vivo (Maganaris, 2004) : the center of rotation method and the tendon excursion method. The BB, BRA and BRD have different origins and insertions (i.e., different tendons), and the center of rotation method should be more useful for measuring the elbow flexor MAs than the tendon excursion method with ultrasonography which cannot cover all of their tendons simultaneously. Meanwhile, Wilson et al. (1999) reported that the center of rotation method was less repeatable than the tendon excursion method using MRI when the MA of the flexor digitorum profundus at the third metacarpophalangeal joint was determined. In addition, we selected a single image on which the BB, BRA and BRD were all clearly visible with respect to each analysis and thus all of the selected images were not always consistent with each other in the current study. These facts suggest that the values of the MAs can be affected by the difference in the used methods. Nevertheless, the repeatability of the three measured values of each MA (CV: <3.3%, ICC: >0.983) and the day-to-day reproducibility of the measurements (CV: <4.3%, ICC: >0.943) were good, indicating that A primary limitation associated with the present approach is that the line of action of each muscle force was determined as the straight line passing through the midpoints of the muscle, so that the determined line of action might not represent the line of muscle force transmitted to the forearm via tendon. When a muscle was at rest and the elbow joint was largely flexed (i.e., when a large slackness of the muscle was found), the muscle-tendon could have been configured in a way that the straight line passing through the midpoints of muscle belly and a line passing through the midpoints of tendon were not parallel, forming a bend toward the humerus. This bending in the muscle-tendon, presumably due to the gravitational force that pulled the relaxed muscle-tendon downward (in the current study, toward the humerus), would have caused the MAs of the muscles to decrease as apparent in the data obtained at rest. The MAs determined in the current study, therefore, may not necessarily coincide with the moment arm lengths of the tendon forces exerted on the forearm when the muscle is at rest.
Another limitation is that the elbow joint angle might have changed during the isometric contraction due to imperfect external fixation of the joint to the dynamometer and the compliance of the dynamometer itself. At 50°, 80° and 110° of elbow flexion, the angle between the humerus and radius was determined from the images recorded at rest and during 60%MVC using MRI, and the difference in the angle between the two states was calculated. The difference was less than 10° for all joint angles (50°: 9.0° ± 4.5°, 80°: 9.3° ± 2.7°, 110°: 9.0° ± 2.2°) with no significant difference between them, suggesting that the contraction-induced changes in the elbow joint angle should have an only minor effect on the present findings.
In the resting condition, the mean values of elbow flexor MAs determined in the current study at 80° of elbow flexion (BB: 37 ± 5 mm; BRA: 20 ± 3 mm; BRD: 42 ± 3 mm) are similar to those obtained at 90° (BB: 42 ± 1 mm; BRA: 22 ± 3 mm; BRD: 50 ± 2 mm) in the only study in which elbow flexor MAs at rest were measured in vivo (Kawakami et al. 1994) . As shown in Figure 4 , however, the mean values of MAs obtained in the current study for BB and BRA at one or more elbow joint angles were lower than the corresponding values obtained in cadaveric studies (Amis et al., 1979; An et al., 1981; Murray et al., 1995; Schuind et al., 1994) and those predicted with musculoskeletal models (Gonzalez et al., 1996; Koo et al., 2002; Murray et al., 1995; van Zuylen et al., 1988; Winters & Kleweno, 1993) . One possible reason for the difference might be the smaller effect of the muscle slackness on the MAs measured in cadaveric studies than in vivo due to the factors related to the fixation and shrinkage of dissected tissues (Friederich & Brand, 1990 ) and/or due to applying a constant weight to the muscle-tendon unit in cadaveric studies using the tendon excursion method (Murray et al., 1995; Schuind et al., 1994) . Another possible reason might be that the slackness of the muscles was not accurately taken into account with the modeling approach and the elbow flexor MAs estimated with musculoskeletal models varied substantially among the studies (Gonzalez et al., 1996; Koo et al., 2002; Murray et al., 1995; van Zuylen et al., 1988; Winters & Kleweno, 1993) . It is therefore expected that the slackness of BB and BRA existing in vivo should influence the aforementioned discrepancy in MAs of their muscles between among the studies. Besides the muscle slackness, differences in the body size of subjects among the studies could influence the present results. The data on the body size of subjects examined in the previous studies shown in Figure 4 are not enough to discuss this possibility. Considering some of the previous reports (Koo et al., 2002; Murray et al., 1995; Winters & Kleweno, 1993) including women as subjects, however, it is unlikely that the body size of subjects is smaller in the current study than in their studies. Correspondingly, the aforementioned differences cannot be a reason for the findings obtained here.
All MAs of elbow flexors increased significantly with 20%MVC at 80° and 110° of elbow flexion ( Figure  3 ). This result is very much in line with the expectations mentioned elsewhere. Since the elbow flexors increase their thickness with isometric contraction, their lines of Significant differences 50°, 80° < 110°50° < 80° < 110°50° < 80°, 110°N
ote. Values are means ± SD. There were no significant interactions between joint angles and percent changes in MAs.
action should move away from the humerus and/or the radius, and consequently the MAs increase. Unlike MAs of BRD, there were no significant differences in those of BB and BRA between 20%MVC and 60%MVC trials at these joint angles (Figure 3) . The discrepancy between BRD and the other muscles might be attributable to the different effects of their slackness. Judging from Figure  1 , it is clear that the influence of the gravitational force on the shape of BRD changed remarkably depending on the elbow joint angle, indicating that the effect of the slackness at rest on MA for BRD was more complex than those for BB and BRA. At 50° of elbow flexion, only MA of BB increased significantly with 20%MVC, like those in the more flexed positions of the elbow. In a prior study (van Zuylen et al., 1988) , the length of BB at 50° of elbow flexion accounted for 117% of that at 80° and 131% of that at 110° of it, and these percentages were lower than the corresponding values of BRA (80°: 137%, 110°: 163%) and of BRD (80°: 140%, 110°: 173%). These results suggest that the amount of slackness (MAs) at rest in the current study with those in previous ones obtained from cadavers (Amis et al., 1979; An et al., 1981; Murray et al., 1995; Schuind et al., 1994) and/or musculoskeletal models (Gonzalez et al., 1996; Koo et al., 2002; Murray et al., 1995; van Zuylen et al., 1988; Winters & Kleweno, 1993) at 50° of elbow flexion should be different from those at the other angles and such difference should be smaller in BB than in BRA and BRD. It seems that MA of BB increased significantly with 20%MVC at 50° as well as at 80° and 110° of elbow flexion. This idea is supported by the results found only in BB that there were no significant differences in %ΔMA 20 and %ΔMA 60 between 50° and 80° of elbow flexion (Table 1) .
Although muscle contractions induce changes in muscle architecture and produce muscle force and/or human movement, the elbow flexor MAs measured at rest were used to convert between elbow flexion torque and each muscle/tendon force in several studies (Kawakami et al., 1994; Koo et al., 2002; Leedham & Dowling, 1995) . The findings of the current study suggest that this approach is not valid, especially in the flexed positions of the elbow. In addition, the extent to which the elbow flexor MAs increase varied across the three elbow flexors. That is, individual elbow flexor MAs during contractions should be determined to properly evaluate the effect on the interrelationships between elbow flexion torque and individual muscle forces.
In summary, MAs of elbow flexors were found to be increased with isometric contractions in most conditions and their increases were especially evident in the flexed elbow positions. The extent to which the contraction intensities influence MAs varied across different muscles. These findings therefore suggest the importance of in vivo measurements of individual elbow flexor MAs during contractions to verify how their MAs affect the interrelationship between elbow flexion torque and individual muscle forces.
